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ABSTRACT 
The replacement or reduction of chemical inputs in modern agriculture can be achieved 
through biological control strategies targeted to the reduction of the pathogen inoculum or 
activity by or through one or more antagonist organisms. Trichoderma harzianum has long 
been recognized as biocontrol agent and plant growth promoter, therefore it is successfully 
used as biopesticide in greenhouse and field applications. The ability of Trichoderma 
harzianum to suppress plant diseases caused by phytopathogenic fungi has long been known 
and the antagonistic properties have been related to mechanisms of action such as the 
production of antibiotics and hydrolytic enzymes, competition and mycoparasitism. This latter 
has special relevance when the prey is a plant pathogen such as Sclerotinia sclerotiorum that 
produces resting structures known as sclerotia. These structures have a strong resistance both 
to chemical and biological degradation and permit the fungi to survive in the absence of a 
host.  
Aim of this study was to preliminary explore gene expression during mycoparasitic interaction 
between Trichoderma harzianum (T6776) and Sclerotinia sclerotiorum sclerotia by using 
RNA-seq approach and RT-PCR. The differential genes expression was evaluated in the early 
stages of mycoparasitic interaction at 12h, 52h, 72h under two different in vitro growth 
conditions: Trichoderma harzianum T6776 grown up Sclerotinia sclerotiorum sclerotia or on 
Potato Dextrose Agar (PDA), this last as control.  
Different sclerotia colonization experiments with T6776 nutrient-activated conidia were 
carried out but obtained data have not resulted in reliable and reproducible results. Therefore, 
the biological system has been modified, and T6776 mycelium was used to colonize sclerotia 
on PDA plate. T6776 spore suspensions were used to inoculate PDA plates; after 3 days 
growth, T6776 mycelia plugs were transferred on new PDA plates covered with nylon disks 
and incubated for additional 36h. Then Sclerotinia sclerotiorum sclerotia previously sterilized 
were inoculated on each T6776 actively growing colony and the cultures were incubated 
again. The experiment consists of three biological replicates for each thesis, each biological 
replicate formed by three technical replicates, each consisting of three plates with fifteen 
sclerotia in each one. As a control, Trichoderma harzianum T6776 was grown on PDA plates 
covered with nylon disks. After 12h, 52h and 72h of incubation, fungal tissues (colonized 
sclerotia or mycelium) were harvested and immediately frozen in liquid nitrogen and stored at 
-80°C. The timing (12h, 52h and 72h) was previously defined on the base of results of T6776-
sclerotia colonization assays.  
RNA was extracted from macerated frozen fungal tissues using Plant/Fungi Total RNA 
purification Kit: the RNA quantity was assessed using spectrophotometric analysis. Samples 
were retrotranscripted and normalized starting quantities of total RNA were then used to 
prepare 12 separate barcoded RNA-seq libraries that were sequenced on a single lane on an 
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Illumina HiSeq2000 sequencer. The sequencing data will be analysed with suitable 
bioinformatics tools for the gene expression analysis. In addition to the whole transcriptome 
sequencing, part of the extracted RNA has been used to investigate the expression of T6776 
genes, that are known to be potentially involved in the early stages of mycoparasitism, using 
PCR approaches.  
The present study provides insights into the mechanisms of gene expression involved in early 
stages of this mycoparasitic interaction, supported also by the availability of the sequenced 
and annotated genome of T6776.  
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1. Introduction 
1.1. Trichoderma species – an overview 
Trichoderma spp. are free-living fungi that are highly 
interactive in root, soil and foliar environments. 
Trichoderma genus encompasses a large set of sexual and 
asexual fungal species, which are heterogeneous in genome 
structure and behaviour. Most strains have not been 
associated with a sexual state and are believed to be mitotic 
and clonal individuals; teleomorphs, when known, belong 
to Hypocrea genus (Gómez et al. 1997)  
However, despite significant advances in the knowledge of the genus, the taxonomy of 
Trichoderma is still rather incomplete, and the distinction of species in this genus remains 
problematic. Several studies show that the delimitation of biological species is extremely 
difficult if based on morphological grounds alone (Kubicek and Harman 1998). Colony 
characters in vitro conditions can hardly be distinctive and characteristic of a species.  
Diffusible pigments can also be characteristic, although the colour of these does not vary a 
great deal in Trichoderma. 
Bright greenish-yellow pigments or dull yellowish pigments are common in more species 
but are not very distinctive, whereas some isolates are best characterized by a reddish 
pigments or complete lack of these (Kubicek and Harman 1998). 
The patterns of conidiophore branching and aggregation of conidiophores into fascicles 
and pustules are useful for the identification of strains of Trichoderma within sections and 
species aggregates (Kubicek and Harman 1998). 
Scientific Classification 
Kingdom Fungi 
Division Ascomycota 
Subdivision Pezizomycotina 
Class Sordariomycetes 
Order Hypocreales 
Family Hypocreaceae 
Genus Trichoderma 
Fig.1 – Scientific classification 
of Trichoderma genus 
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Conidiophore branching can be regularly verticillate or 
more irregular; in some species the apex 
characteristically ends in a sterile elongation, which may 
be straight, undulate or coiled (Kubicek and Harman 
1998). Phialides can be disposed in regular verticils, or 
be paired, alternate or more irregularly disposed 
(Kubicek and Harman 1998). 
 
Subterminal cells of the conidiophore may produce conidia whose shape varies from 
globose, to ellipsoidal, or short-cylindrical, with the basal end more or less tapering and 
truncate. Conidial pigments are also characteristic and varying from colourless to various 
green shades, or less often grey or brown (Kubicek and Harman 1998).  
Chlamydospores are common in many species, although they tend to be uniformly globose 
or ellipsoidal, terminal and intercalary, smooth- walled, colourless, yellowish or greenish, 
and 6–15 µm diameter in most species. Vegetative hyphae show few characters useful for 
identification (Kubicek and Harman 1998). 
Trichoderma species are metabolically versatile: nitrogen sources are generally well 
utilized from ammonium compounds to amino acids (L-alanine, L-aspartate, L-glutamic 
acids), to proteins, although nitrate assimilation is often poor and species dependent. 
Carbon substrates assimilation is extremely diversified; the most classical carbon sources 
include a range of general sugars, though there is considerable variation among species in 
their abilities of use them (Kubicek and Harman 1998). 
Fig. 2 - Conidiophores of 
Trichoderma spp. 
 Introduction 
_________________________________________________________________________ 
  
 
 
4 
Trichoderma species also attack a variety of polysaccharides including cellulose, chitin, 
laminarine, pectin, starch and xylan and secrete massive amounts of the respective 
monosaccharides. (Kubicek and Harman 1998)  
Some Trichoderma rhizosphere-
competent strains are well known for 
their ability to colonize plant root 
epidermis up to the first or second 
layers of cell. Some strains, behaving 
as endophytes, are capable of invading 
plant vascular system (Harman et al. 2004). 
1.1.1 Trichoderma as beneficial fungi 
Modern agriculture based on cultivation of large areas is an ecologically unbalanced 
system, which is prone to disease epidemics. Prevention of such epidemics has 
traditionally been achieved through the use of chemical fungicides.  
Replacement or reduction of chemical applications has been achieved through strategies of 
biological control that cause the reduction of the amount of inoculum or disease production 
activity of a pathogen accomplished by or through one or more organisms than man. 
There is an urgent and pressing demand of food production in order to reply to an 
increasing world population. Consumers constantly require food and feed of high quality, 
cultivated according to environmentally friendly rules and without chemical residues. All 
of this cannot be separated from the implications of new legislation on organic farming or 
the enforcement of improved Integrated Pest Management strategies.  
Fig. 3 – Interactions of Trichoderma with cucumber roots. a) 
Shows appressoria-like structures. b) Shows coils around root 
hairs and    c) Shows directly penetrates root cortical cells. 
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The EU, for instance, (EU directive 2009/128/EC) has set rules for the sustainable use of 
pesticides (EU directive 2009/128/EC) in order to reduce the risks and impact of pesticide 
use on people's health and the environment (Jensen et al., 2015). 
The strategies of biological control of plant pathogens can be conveniently grouped into 
three general categories: a) reduction of inoculum by antagonists of the target pathogen; b) 
protection of host plant surfaces with antagonists of the target pathogen; and c) 
management of incompatibility between host and pathogen through plant breeding or 
inoculation with mild or avirulent strains of the pathogen (Baker and Cook, 1974).  
An antagonist is a microorganism (bacterium or fungus) that adversely affects a target 
pathogen and interferes with its life process, growing in association with it (Baker and 
Cook 1974). 
The genus Trichoderma comprises a great number of antagonistic fungal strains that act as 
biocontrol agents against fungal disease through indirect mechanisms (induction of plant 
defensive mechanisms) and direct mechanism such as antibiosis and enzymatic lysis, 
competition for nutrients and space and mycoparasitism, (Gajera et al. 2013). 
Stimulation of plant resistance and plant 
defense mechanisms.  
Several studies have shown that root 
colonization by Trichoderma strains can 
result in systemic induced resistance in 
plant (Harman et al. 2004), as shown in 
Figure 4. Much progress has been made in 
elucidating the pathway involved in the 
resistance.  
Fig. 4 – Induce resistance system in plants. 
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In many cases salicylic acid or jasmonic acid, together with ethylene or nitrous oxide, 
induce a cascade of events that lead to the production of a variety of metabolites and 
proteins with diverse function (Harman et al. 2004). 
There are three generally recognize pathways of induced resistance in plants, two of which 
involve the direct production of pathogenesis-related (PR) proteins.  In the first, the 
production of PR proteins is generally the result of the attack of pathogenic 
microorganisms, while in the others pathway PR proteins are generally produced as a 
result of wounding, or necrosis-inducing plant pathogens. However both pathways can be 
induced by other mechanisms (Harman et al. 2004). 
Typically, the pathogens induced pathway relies on salicylic acid produced by plant as a 
signalling molecule, whereas the herbivory-induced pathway relies on jasmonic acid as a 
signalling molecule. These compounds cause similar responses and there is considerable 
crosstalk between the pathways (Bostock et al. 2001). The jasmonate and salicylate 
induced pathways are characterized by the production of a cascade of PR proteins. These 
include antifungal chitinases, glucanases, oxidative enzymes and antimicrobial compounds 
such as phytoalexins (Harman et al. 2004).  
The triggering molecules in the Trichoderma responses are unknown, and Harman et al. 
refer to any plant-wide processes that result in the direct accumulation of PR proteins or 
phytoalexins as systemic acquired resistance (SAR). 
Three classes of compounds that are produced by Trichoderma strains and induce 
resistance plants are now know (Harman et al. 2004). These compounds are proteins with 
enzymatic or other functions: xilanases secreted by several species are shown to induce 
ethylene production and plant defence respons (Fuchs et al. 1989); homologues of proteins 
encoded by the avirulence (Avr) genes (specific elicitors that are capable of inducing 
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hypersensitive responses (HR) and other defence-related reactions in plant cultivars that 
contain the corresponding resistance gene (Baker et al. 1997) and oligosaccharides or low-
molecular-weight compounds that are released from fungal or plant call walls by the 
activity of Trichoderma enzymes.(Harman et al. 2004) 
Competition for nutrient.  
Starvation is the most common cause of death for microorganisms, so that competition for 
limiting nutrients may result in biological control of fungal phytopathogens.  
Trichoderma has a superior capacity to mobilize and take up soil nutrients compared to 
other organisms. The efficient use of available nutrients is based on the ability of 
Trichoderma to obtain ATP from the metabolism of different sugars, such as those derived 
from polymers wide-spread in fungal environments: cellulose, glucan and chitin among 
others, all of them rendering glucose (Limón & Codón 2004). 
In most cases, the iron uptake is essential for viability of filamentous fungi. Some 
Trichoderma spp. produce highly efficient siderophores that chelate iron and stop the 
growth of other fungi (Limón & Codón 2004). 
Antibiosis. 
Most Trichoderma strains produce volatile and non-volatile toxic metabolites that inhibit 
the growth of damaging microorganisms and impede plant's colonization by fungal 
pathogens (Limón & Codón 2004),  Among these metabolites, the production of harzianic 
acid, peptaibols such as Trichorzianin, antibiotics, 6-penthyl-α-pyrone, gliovirin, and 
others have been described (Limón & Codón 2004). 
The combination of hydrolytic enzymes and antibiotics results in a higher level of 
antagonism than that obtained by either mechanism alone (Limón & Codón 2004). 
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1.1.2 Trichoderma as mycoparasitic agent – morphological and genetic changes 
Mycoparasitism is the phenomenon whereby one fungus is parasitic on another fungus, a 
lifestyle that can be dated to at least 400 million years ago by fossil evidence. This has 
special relevance when the prey is a plant pathogen, providing a strategy for biological 
control of pests for plant protection (Kubicek et al. 2011).  
The mycoparasitic interaction in Trichoderma spp. is apparently programmed by host 
signals, resulting in infective structures and enzyme secretion. Prior to physical contact, 
mycoparasitism begins with recognition of the prey, using diffusible signals such as 
oligochitins (Cortes et al. 1998). 
Upon contact, the mycoparasite attaches to the host (probably mediated by hydrophobin-
like proteins) followed by the formation of papillae/appresoria-like structures and 
mycoparasitic coiling. Hyphal coiling may be part of a more general response to a 
filamentous substrate, as Trichoderma coils upon interaction with lectin-coated nylon 
fibers, The production of cellulases, glucanases, proteases and chitinases facilitates the 
flow of nutrients into the mycoparasite and of degradation of the host (Mukherjee et al. 
2013). These enzymes are synergistic with each other, with other enzymes and with other 
secondary metabolites (Lorito et al. 1996).  
c"
Fig.4 – “R” indicates hyphae of the plant pathogen Rhizoctonia solani, “T” indicates hyphae of Trichoderma spp. and “A” indicates 
appressoria-like structure. 
a) Trichoderma strain is in the process of parasitizing a hypha of R.solani; The coiling reaction is typical of mycoparasitic interactions. 
b) Shows a higher magnification of the Trichoderma–R.solani interaction showing the appressoria-like structure. 
c) Shows an R.solani hypha from which the Trichoderma has been removed. 
b"a"
Fig. 5 – Interaction between Trichoderma spp. and R. solani. “R” indicates hyphae of the plant pathogen 
R.solani, “T” indicates hyphae of Trichoderma spp. and “A” indicates appressoria-like structures. 
a) Trichoderma strain is in the process of parasitizing a hypha of R.solani; b) Shows a higher magnification of 
the Trichoderm -R.solani interaction, howing a pressoria-like structures and c) shows an R.sol ni hyph  from 
which the Trichoderma has been remov d. 
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Cellulases are hydrolytic enzymes that hydrolyse cell wall β-1,4-glucans and inhibit the 
growth of pathogenic fungi (Gajera et al. 2013). β-1,3-glucanases have been shown to be  
able to inhibit spore germination or the growth of pathogens in synergistic cooperation 
with chitinases and antibiotics (Limón & Codón 2004) while proteases are involved in 
inactivate hydrolytic enzymes produced by pathogen on plant (Delgado-Jarana et al. 2000).  
Chitinases are divided into β-1,4-acetylglucosaminidases (GlcNAcases), endochitinases 
and exochitinases (Gajera et al. 2013). Regulation of the expression of the two major 
chitinase genes ech42 and nag1 of the chitinolytic system of Trichoderma spp. have been 
described (Mach et al. 1999). The nag1 is essential for triggering chitinase gene 
expression; the pathogen cell wall and chitin induce nag1, that it is only triggered when 
there is contact with the pathogen. Also ech42 gene expression was triggered during 
growth on fungal pathogens cell walls and on the chitin degradation product, N-
acetylglucosamine (Mach et al. 1999). Endochitinases are regulated by a variety of 
mechanisms but induction by stress has been reported for some of these. However, the 
induction under mycoparasitic conditions is not clear (Kullnig et al. 2000). 
Some fungal chitinases (subgroup C) are especially interesting due to their association with 
LysM effectors. It have been also demonstrated that the expression of this chitinases 
subgroup is induced during mycoparasitism of different fungal prey (Gruber et al. 2011).  
LysM are a class of conserved effectors that were identified both in prokaryotic and 
eukaryotic cells; they are characterized by various functional activities that occur in 
different fungal species with extremely divergent lifestyles (Kombrink & Thomma 2013).  
LysM effectors have been implicated in two different pathogenicity-related processes: 
Firstly, LysM effectors may protect fungal hyphae against degradation by hydrolytic 
enzymes secreted by the host and secondly, LysM effectors may secure fungal cell wall–
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derived chitin fragments so that chitin cannot stimulate an immune response because LysM 
effectors efficiently scavenge chitin fragments, or interfere with host receptor activation by 
preventing ligand-induced dimerization (Kombrink & Thomma 2013).  
LysM effectors also occur in non-pathogenic fungi, protecting fungal hyphae against 
hydrolytic enzymes secreted by mycoparasites. In addition, chitin sequestration might 
prevent attraction of such microbes (Kombrink & Thomma 2013). 
Trichoderma parasitizes not only active hyphae but also resting structures or propagules, 
such as sclerotia and perithecia (Mukherjee et al. 2013). 
Parasitism by Trichoderma species has been reported against pathogens such as Sclerotinia 
sclerotiorum, Sclerotium rolfsii and Sclerotinia minor, that produce resting structures 
known as sclerotia, which have a strong resistance both to chemical and biological 
degradation and permit the fungi to survive in the absence of a host (Sarrocco et al. 2006). 
The mechanisms, whereby Trichoderma spp. antagonistic strains control diseases caused 
by sclerotial fungi, may involve interference with sclerotial germination that may or may 
not be accompanied by sclerotial degradation, growth inhibition of the pathogen in soil and 
prevention of host penetration by the pathogen.  
Some species of Trichoderma can penetrate the rind and colonize the inner cell layers of 
sclerotia, often completely destroying them or rendering them not viable. A microscopic 
study allowed the direct observation of Trichoderma virens I10-GFP colonizing the 
sclerotia of both Sclerotium rolfsii and Sclerotinia sclerotiorum. (Sarrocco et al. 2006) 
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The uniformly distributed mycelium of I10-GFP just beneath the rind of sclerotia of both 
pathogens suggests that the sclerotia became infected at numerous, randomly distributed 
locations without any preferential entry point. This ensures the uniform penetration of 
Trichoderma virens I10 through the rind of sclerotia, suggesting its ability to induce 
enzymatic degradation of rind walls and, probably, to degrade melanin (Sarrocco et al. 
2006). 
Laccases are multicopper phenol-oxidases and are the most likely candidates for melanin 
degrading enzymes of ascomycetes because of their ability to attack condensed aromatic 
structures (Catalano et al. 2011). 
Trichoderma virens contains laccases, which have been proven to play important roles 
both in the oxidative damage of plant pathogens, both during the attack of sclerotia 
melanins (Catalano et al. 2011). 
1.1.3 Trichoderma harzianum as biocontrol agent and plant growth promoter 
Trichoderma harzianum has long been recognized as biocontrol agent and plant growth 
promoter, therefore it is successfully used as biopesticide in greenhouse and field 
applications (Lorito et al. 1996).  
Fig 1 – Fluorescent micrographs of colonization of Sclerotium rolfsii sclerotia by Trichoderma virens I10 3.4.10 GFP. (A) Sclerotial
surface producing mycelial tufts. (B) Mycelial tufts appear bright green under UV light. (C) Penetration of T. virens I10
through the rind cells and growth in the cortex after 9 d incubation. (D) A green layer behind the rind without any clear
preferential entry point after 13 d incubation. (E) Intracellular fungal growth, producing hyphal mats within host cells.
(F) Intercellular growth characterizes colonisation of medulla by T. virens after 15 d incubation.
Colonization of sclerotia by GFP transformed Trichoderma virens 183
Fig. 6 - Fluorescent micrographs of colonization of S. rolfsii sclerotia by Trichoderma virens I10 
- GFP. C) Penetration of T. virens I10 through the rind cells and growth in the cortex after 9 d 
incubation. D) A green layer behind the rind without any clear preferential entry point after 13 d 
incubation.  
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Genomic studies have revealed that Trichoderma harzianum has six chromosomal DNA 
bands varying in size from 2.2 Mb to 7.7 Mb, with the total genome size estimated to range 
from 31 Mb to 39 Mb (Herrera-Estrella et al. 1993; Lorito et al. 2010).  
The ability of Trichoderma harzianum to suppress plant diseases caused by 
phytopathogenic fungi has long been known (Cortes, et al. 1998) and the antagonistic 
properties have been related to mechanisms of action such as the production of antibiotics 
and hydrolytic enzymes. (Montero-Barrientos et al. 2011) 
The mycoparasitic interaction between Trichoderma harzianum and Rhizoctonia solani 
was studied by electron microscopy and SEM (Scanning Electron Microscope) 
investigation demonstrated that coiling of the antagonist (Trichoderma harzianum) around 
its host was an early event preceding hyphal damage (Benhamou & Chet 1993). 
Studies based on successful application of expression-gene analysis in Trichoderma 
harzianum during mycoparasitic interaction with plant pathogens, have provided an 
indication of genes with a biocontrol function (Liu & Yang 2005).  
A rapid subtraction hybridization approach was used to isolate genes differentially 
expressed during mycelial contact between Trichoderma harzianum and Rhizoctonia 
solani that could be used as markers for selection of superior biocontrol strains (Scherm et 
al. 2009). 
Trichoderma harzianum produces a wide variety of cell wall degrading enzymes 
(CWDEs), among them chitinases, glucanases and proteases when grown on fungal cell 
walls. These observations, together with the fact that chitin and glucans are the main 
polysaccharides of fungal mycelia, suggest that chitinases and glucanases play an essential 
role in the lysis of phytopathogenic fungal cell walls during mycoparasitism (Limón et al. 
2004). 
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During Trichoderma harzianum-Sclerotium rolfsii interaction, Northern analysis showed 
high-level expression of genes encoding a proteinase (prb1) and an ech42 endochitinase 
(Cortes, et al. 1998). Some studies support the involvement of chitinase activity in the 
induction process of ech42 during precontact and overgrowth stages of mycoparasitism 
(Zeilinger et al. 1999). 
In addition, functional analysis of the Trichoderma harzianum nox1-gene, encoding an 
NADPH-oxidase, relating production of reactive oxygen species to biocontrol activity 
against Pythium ultimum has been described (Montero-Barrientos et al. 2011). 
The degradation of sclerotia by fungal antagonists is one of the most effective ways to 
decrease the burden of soil-borne pathogens sclerotia in soil (Geraldine et al. 2013).  
Many antagonistic species have been described as effective mycoparasites of Sclerotinia 
sclerotiorum sclerotia (Jones et al. 2011), including Trichoderma harzianum (Knudsen et 
al. 1991).  
Sclerotinia pathogens stimulate Trichoderma harzianum to produce cell wall-degrading 
enzymes including β-1,3-glucanase, chitinase and protease and these hydrolyze the cell 
wall of the sclerotia, which then decay and die in the soil (Geraldine et al. 2013). 
In addition the ability to act as biocontrol agent, due to its mycoparasitic fitness, the 
capacity of the fungus Trichoderma harzianum to colonize roots and stimulate plant 
growth was widely analyzed in tobacco and tomato seedlings. (Chacón et al. 2007) 
Tobacco seedling (Nicotiana benthamiana) inoculated with Trichoderma harzianum 
(CECT 2413 strain) conidia showed increased plant fresh weight (140%) and foliar area 
(300%), as well as the proliferation of secondary roots (300%) and true leaves (140%) 
(Chacón et al. 2007).  
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The interaction between strain CECT 2413 and the tomato-root system was also studied 
during the early stages of root colonization by the fungus (Chacón et al. 2007). 
 
When Trichoderma harzianum conidia were inoculated on tomato plants (Lycopersicum 
esculentum), profuse adhesion of hyphae to the plant roots, as well as colonization of the 
root epidermis and cortex was observed and confocal microscopy of a transformant strain 
that expressed the green fluorescent protein (GFP) revealed intercellular hyphal growth 
and the formation of plant-induced papilla-like hyphal tips. (Chacón et al. 2007)  
Furthermore, analysis of the Trichoderma harzianum-tomato interaction in soil indicated 
that the contact between Trichoderma harzianum and the roots persisted over a long period 
of time. (Chacón et al. 2007) 
It has been also demonstrated that colonization of tomato seedlings roots with 
Trichoderma harzianum T22 strain induces systemic resistance to diseases and improves 
plant tolerance to biotic and abiotic stresses (e.g. water deficit, salinity, suboptimal 
temperatures, excess light) through enhanced activity of antioxidant defense, expression of 
genes encoding antioxidant enzymes, and maintenance of ascorbate and glutathione in the 
reduced form (Mastouri et al. 2012).  
24 INT. MICROBIOL. Vol. 10, 2007
er with yeast-like cells. Many yeast-like cells were attached
to the roots even after 144 and 168 h (Fig. 4F, G). These were
of different sizes and some were septated (Fig. 5A). When T.
harzianum was inoculated into soil in the absence of tomato
plants, the mycelial mass lysed and the fungus sporulated
rapidly, showing fluorescent conidia (Fig. 5B) different in
size and shape from those of the yeast-like cells (Fig. 5A). 
T. harzianum gene expression profiling of
early colonization of tomato ots. I  order to
unravel the changes in Trichoderma gene expression that
may be related to root colonization, transcriptome analysis
was carried out. RNA samples of T. harzianum incubated
under control conditions were compared with those of T.
harzianum grown with plant roots (hydroponic cultures). The
arrays contained 2496 unique ESTs from T. harzianum grown
under conditions covering a wide range of transcriptional
profiles. ESTs that showed at least a two-fold increase under
plant-Trichoderma conditions were considered plant-induced
ESTs. According to this criterion, 5–6% of the ESTs were
identified as up-regulated during plant-Trichoderma interac-
tions (see Table 1, ONLINE). Some of these ESTs showed high
similarity to genes involved in different cellular processes,
such as redox metabolism, morphological changes, or mem-
brane and vesicle synthesis. ESTs corresponding to genes
involved in lipid metabolism, vesicle trafficking, membrane
fusion, and cell-wall synthesis were induced during the early
stages of root colonization: an integral membrane protein
(L02T34P058R05413, entry n.11); a cold-active sterase
(L06T34P031R02957, entry n.39); an endosome cargo
CHACÓN ET AL
Fig. 4. CLSM analyses of long-term
tomato root colonization by T. har-
zianum. (A) Root colonization after 24
h of inoculation. (B) Hyphae growing
inside a plant cell after 48 h. (C)
Yeast-like cells inside plant cells after
72 h of inoculation. (D, F, G) Yeast-
like cells adhered to hair roots or
emergence sites. D: 96 h, F: 144 h, G:
168 h. Arrows point to some root cell
nuclei stained with propidium iodine
in the area of contact between plant
and fungus. (E) Yeast-like cells and
hyphae after 120 h. Int
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Fig. 7. CLSM analyses of long-term tomato root colonization by T. harzianum. (A) Root colonization after 24 h 
of inoculation. (B) Hyphae growing inside a plant cell after 48 h. (C) Yeast-like cells inside plant cells after 72 h 
of inoculation.  
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Furthermore, the ability of Trichoderma harzianum T22 strain to induce systemic 
resistance to pathogens in maize is particularly noteworthy as there are no similar reports 
of resistance being induced in this crop by any other root-associated commensal or 
symbiotic microorganisms (Harman et al. 2004). 
The ability of biocontrol agent and plant growth promoter of Trichoderma harzianum 6776 
strain (T6776), used in the present work, was evaluated on tomato seedlings, where it is 
able to stimulate plant growth under greenhouse condition (Sarrocco et al. 2013). 
In addition, biocontrol activity against soil-borne pathogens (Rhizoctonia solani, Fusarium 
oxysporum f.sp. lycopersici and Fusarium oxysporum f.sp. radicis-lycopersici) has been 
evaluated, showing positive results and suggesting a future employment of this strain as 
biopesticide (Sarrocco et al. 2013). 
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1.2 – Sclerotinia sclerotiorum general traits of a cosmopolitan pathogen  
Sclerotinia sclerotiorum is a ubiquitous phytopathogenic fungus with very wide host 
ranges (Amselem et al. 2011).  
A compiled list of Sclerotinia sclerotiorum hosts includes 408 
different plant species from 278 genera encompassing 75 plant 
families. This pathogen causes vast economic damages during 
crop cultivation as well as in harvested produce (Rollins et al. 
2014). This fungus is typical example of necrotroph: it first 
kills host plant cells and then colonizes the dead tissues. 
(Amselem et al. 2011) 
Sclerotinia sclerotiorum hyphae are hyaline, septate, branched and multinucleate. 
Mycelium may appear white to tan in culture and in plant. No asexual conidia are 
produced (Bolton et al. 2006). Long-term survival is mediated through the sclerotium: a 
pigmented, multi-hyphal structure that can remain viable over long periods of time under 
unfavourable conditions for growth; sclerotia can germinate to produce mycelia or 
apothecia depending on environmental conditions (Bolton et al. 2006). 
Population studies on Sclerotinia sclerotiorum have revealed a predominantly clonal mode 
of reproduction with some evidence of out-crossing contributing to the population structure 
in a few regions. Sclerotinia sclerotiorum has a haploid somatic phase where clonality is 
the result of both asexual reproduction by means of sclerotia both sexual reproduction by 
self-fertilization with the expectation that intraclonal variation is due to mutation (Bolton 
et al. 2006). More than 60 names have been used to refer to Sclerotinia sclerotiorum 
diseases, including cottony rot, stem rot, crown rot, blossom blight and most common, 
white mould (Bolton et al. 2006).  
Scientific Classification 
Kingdom Fungi 
Division Ascomycota 
Class Discomycetes 
Order Helotiales 
Family Sclerotiniaceae 
Genus Sclerotinia 
Specie S. sclerotiorum 
Fig.8 – Scientific classification 
of S. sclerotiorum 
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The most common symptoms are water-soaked lesions that expand rapidly on leaves , and 
dark lesions on infected stems. These lesions usually develop into necrotic tissues that 
subsequently develop patches of fluffy white mycelium, often with sclerotia, which is the 
most obvious sign of plants infected with Sclerotinia sclerotiorum (Bolton et al. 2006). 
1.2.1 – Morphology and cytology of Sclerotinia sclerotiorum sclerotia 
Sclerotia play a major role in disease cycles as they produce inoculum and are the primary 
long-term survival structures remaining viable for up to 8 years in soil (Bolton et al. 2006). 
A sclerotium is a hyphal aggregate with an outer black rind several cells thick containing 
melanin, a compound that is believed to play an important role in protection from adverse 
conditions and microbial degradation in many fungi and, in some cases, function in 
virulence (Bolton et al. 2006). Depending on the manner in which hyphae aggregate, the 
main types of sclerotium development are classified as terminal, strand or loose (Le 
Tourneau 1979). 
Three stages of sclerotial development 
have been characterized: i) Initiation: 
aggregation of hyphae to form a white 
mass called sclerotial initials; ii) 
Development: hyphal growth and further aggregation to increase size; and iii) Maturation: 
surface delimitation, melanin deposition in peripheral rind cells, and internal consolidation 
(Bolton et al. 2006). 
Once sclerotia are formed, under appropriate conditions, they germinate in different ways: 
myceliogenic (formation of hyphae), carpogenic (formation of sexual fruiting bodies) and 
sporogenic (production of asexual spores). Both carpogenic and myceliogenic germination 
occur in Sclerotinia sclerotiorum (Le Tourneau 1979).  
Fig.9-Three distinct stages in the formation of S.sclerotiorum 
sclerotia: A) Initiation, B) Development, and C) Maturation. 
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Although there are variations due to isolates, substrates and conditions, sclerotium 
formation in Sclerotinia sclerotiorum follows a general sequence (Le Tourneau 1979). 
When Sclerotinia sclerotiorum growth is otherwise restricted, the mycelium thickens and 
produces white mounds of hyphae covered with small liquid droplets; as a sclerotium 
increases in size, the surface begins to darken and larger exudate droplets are apparent. 
Within one week or so the process is complete and a mature sclerotium can be formed (Le 
Tourneau 1979).  
When mature, a sclerotium consists of a black rind approximately three cells wide and a 
medulla of prosenchymatous tissue embedded in a fibrillar matrix. Other have described a 
cortical layer two to four cells thick between the rind and the medulla (Le Tourneau 1979). 
Chemical analyses of sclerotia collected from commercial crops (bean and pea) showed 
less than 2.0% crude fat, 3.5-5.0% ash and 20.0-25.0% protein. Results of chemical 
determinations supplemented with histochemical data demonstrate differences in 
composition between sclerotia grown in culture and those obtained from field collections 
(Le Tourneau 1979). 
An extensive list of environmental and nutritional factors that influence sclerotial 
development has been compiled. In general, sclerotia are produced after mycelial growth 
encounters a nutrient-limited environment (Bolton et al. 2006). In culture medium, under 
neutral or alkaline pH, sclerotial formation is inhibited (Rollins & Dickman 2001).  
Conversely, progression of oxalic acid accumulation by the fungus leads to lowering of 
environmental ambient pH, which provides conditions that favour sclerotial development 
(Rollins & Dickman 2001). Therefore, the ability to develop sclerotia is closely correlated 
with pH-level (Rollins & Dickman 2001). 
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1.2.2 – Genomic of Sclerotinia sclerotiorum as a valuable tool in pathogenesis studies 
The genome of Sclerotinia sclerotiorum was constructed by a shotgun sequencing strategy, 
utilizing Sanger sequencing chemistry and optical mapping (Amselem et al. 2011).  
The 38 Mb genome assembly is anchored onto 16 chromosomes, one of which terminates 
with tandem copies of the rDNA locus. The 37 assembled scaffolds cover 96 % of the 
optical map, with 2–3 large scaffolds aligned to each chromosome. The largest uncovered 
regions correspond to the gaps between the scaffolds, which likely correspond to 
centromeric locations. The genome sequence has provided an important resource for 
understanding the developmental and pathogenic lifecycle of Sclerotinia sclerotiorum 
(Rollins et al. 2014) 
The centromeres of filamentous fungi consist of islands of repetitive elements, which can 
be difficult to assemble using shotgun data and are often missing from whole genome shot- 
gun assemblies. By contrast, the Sclerotinia sclerotiorum scaffolds extend to the telomeric 
ends of the map suggesting sub-telomeres are not highly repetitive in this species (Rollins 
et al. 2014).  
Expressed Sequence Tags (ESTs) derived from a diverse collection of cDNA libraries 
were utilized in genome annotation and gene verification (Rollins et al. 2014). Repetitive 
elements occupy 7% of the genome with no apparent hotspots along chromosomes (Rollins 
et al. 2014).  
LTR elements are most frequently observed, with large numbers of TIR, LINE and MITE 
elements also found. As many of the LTR Gypsy and Copia retroelements appear excised, 
with only solo LTR present, this may have mitigated the overall impact of TE proliferation 
on genome size. However, repetitive elements appear to have rearranged genome structure 
(Rollins et al. 2014).  
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Investigation of the genome has provided some clues to the identification of pathogenicity 
determinants related primarily to oxalic acid (OA) metabolism, Reactive Oxygen Species 
(ROS) dynamics, and the regulation of these factors (Amselem et al. 2011).  
Sclerotinia sclerotiorum, which regulates ROS dynamics during pathogenic development, 
has a similar repertoire of genes involved in oxidative stress.  As well, evaluation of genes 
presumably associated with cell signaling has revealed that during infection Sclerotinia 
sclerotiorum induces ROS, yet, also inhibits oxidative stress (Rollins et al. 2014). 
These opposing observations were difficult to reconcile. Several studies were demonstrated 
that Sclerotinia sclerotiorum initially inhibits ROS (dampening the host response) and 
subsequentially induces ROS, cell death and disease (Rollins et al. 2014). 
Understanding how Sclerotinia sclerotiorum dynamically modulates the host environment 
in regard to ROS and OA accumulation could provide new insights into pathogenicity as 
well as host resistance (Rollins et al. 2014). 
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1.3 – The Next Generation Sequencing technologies (NGS) 
Since the time DNA was discovered as the code to all biological life on earth, man has 
sought to unravel its mysteries. If the genetic code could be sequenced or “read”, the 
origins of life itself may be revealed. Although this thought might not be entirely true, the 
efforts to date made have certainly revolutionized the biological field (Zhang et al. 2011). 
The “original” sequencing methodology, known as Sanger chemistry, uses specifically 
labeled nucleotides to read through a DNA template during DNA synthesis. This 
sequencing technology requires a specific primer to start the read at a specific location 
along the DNA template, and record the different labels for each nucleotide within the 
sequence (Zhang et al. 2011). 
After a series of technical innovations, the Sanger method has reached the capacity to read 
through 1000-1200 basepair (bp); however, it still cannot surpass 2 kilo basepair (Kbp) 
beyond the specific sequencing primer. In order to sequence longer sections of DNA, a 
new approach called shotgun sequencing was developed during Human Genome Project 
(HGP) (Zhang et al. 2011). 
In this approach, genomic DNA is enzymatically or mechanically broken down into 
smaller fragments and cloned into sequencing vectors in which cloned DNA fragments can 
be sequenced individually. The complete sequence of a long DNA fragment can be 
eventually generated by these methods by alignment and reassembly of sequence 
fragments based on partial sequence overlaps (Zhang et al. 2011). 
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New NGS technologies read the DNA templates randomly along the entire genome. This is 
accomplished by breaking the entire genome into small pieces, then ligating those small 
pieces of DNA to designated adapters for random read during DNA synthesis (sequencing-
by-synthesis). Therefore, NGS technology is often called massively parallel sequencing 
(Zhang et al. 2011).  
The different NGS technologies vary in their input requirements and their sequence output 
in terms of total bases sequenced and length of each sequence read, as well as the price per 
megabase sequence information. Currently, there are three NGS platforms commercially 
available, the Genome Sequencer FLX from 454 Life Sciences/Roche, the Illumina 
Genome Analyser from Solexa and Applied Biosystems’ SOLiD (Sequencing by Oligo 
Ligation and Detection). In particular, Illumina Genome Analyser produces over 100 
million short reads (35–76 bases, depending on the sequencing chemistry) leading to 3–6 
gigabases of sequencing data in one run (Bräutigam & Gowik 2010). 
This platform uses fragmented double-stranded DNA as template and uses a sequencing-
by-synthesis approach in which all four nucleotides are added simultaneously into oligo-
primer cluster fragments in flow-cell channels along with DNA polymerase. Bridge 
amplification extends cluster strands with all four fluorescently labeled nucleotides for 
sequencing (Zhang et al. 2011). 
Superior data quality and proper read lengths have made it the system of choice for many 
genome sequencing projects: at present, the new Illumina HiSeq 2000 Genome Analyzer is 
capable of producing single reads of 2x100 basepairs (pair-end reads), and generates about 
200 giga basepair (Gbp) of short sequences per run (Magi et al. 2010). 
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The raw base accuracy is greater than 99.5%. The emergence of next-generation 
sequencing (NGS) platforms imposes increasing demands on statistical methods and 
bioinformatic tools for the analysis and the management of the huge amounts of data 
generated by these technologies (Magi et al. 2010). 
1.3.1 – Transcriptome analysis using RNA-seq experiments 
Next generation sequencing (NGS) technologies have opened fascinating opportunities for 
the analysis of plants and microbes with and without a sequenced genome and they can be 
applied to a wide variety of biological questions, including transcriptomics experiments 
(Bräutigam & Gowik 2010). 
 When analysing transcriptome with microarrays these are inherently biased by the chip 
design at the current state of the art and frequently genes are missing, alternative antisense 
transcripts are not well represented and RNA species other than mRNA are frequently not 
present (Bräutigam & Gowik 2010). 
In 2008, several groups demonstrated that the NGS can be used for complete transcriptome 
profiling (Torres et al. 2008).  
A transcriptome analysis of species with a fully sequenced genome identifies novel 
transcripts, checks and optimises transcript predictions and identifies splicing isoforms 
(Weber et al. 2007). Sequence splice isoforms can be identified by reads reaching over 
predicted exon boundaries (Mortazavi et al. 2008). 
A much higher sequencing depth can be achieved using short read technology such as the 
Illumina Genome Analyser, that produces over 100 million sequencing reads; These reads 
are directly mapped to the genome (Bräutigam & Gowik 2010). 
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Mapping the huge amounts of short read sequences produced by NGS to a given reference 
sequence is challenging. Nevertheless, many programs exist that are able to map the 10 
million reads onto the genome sequence within ten minutes (Bräutigam & Gowik 2010). 
Alignment of reads is a classic 
problem in bioinformatics with 
several solutions. RNA-seq 
reads, however, pose particular 
challenges because they are 
short (~36–125 bases), error 
rates are considerable and 
many reads span exon-exon 
junctions (Garber et al. 2011). These small ‘anchors’ make it extremely difficult for 
alignment software to map reads accurately, particularly if the algorithm relies on an initial 
mapping of fixed-length k-mers to the genome (Kim et al. 2013). 
If a read extends only a few bases into one of two adjacent exons, then it often happens 
that the read will align equally well, but incorrectly, with the sequence of the intervening 
intron (Kim et al. 2013). 
There are two major algorithmic approaches to map RNA-seq reads to a reference 
transcriptome. The first, to which we collectively refer as “unspliced read aligners”, aligns 
reads to a reference without allowing any large gaps (Garber et al. 2011).  
Alternatively, reads can be aligned to the entire genome, including intron-spanning reads 
that require large gaps for proper placement.  
Fig.10 - Two possible incorrect alignments of spliced reads. 
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Several methods exist, collectively referred to as ‘spliced aligners’, that fall into two main 
categories: “seed and extend”, where each read is divided into k-mers that are mapped to 
the genome, and “exon first” (Garber et al. 2011). 
Exon-first methods such as TopHat1 and TopHat2 use a two-step process: first, it detects 
potential splice sites for introns and uses these candidate splice sites in a subsequent step to 
correctly align multiexon-spanning reads. RNA-seq read alignment is further complicated 
by the presence of processed pseudogenes in the reference genome. Pseudogenes often 
have highly similar sequences to functional, intron-containing genes. In most cases, the 
pseudogene versions are not transcribed, although this suggestion has recently been 
disputed (Kim et al. 2013). 
The crucial problem for alignment is that reads spanning multiple exons can be mapped 
perfectly or near-perfectly to the pseudogene version of a functional gene. TopHat2 can 
use either Bowtie or Bowtie2 (Langmead et al. 2009) as its core read-alignment engine and 
combines the ability to identify novel splice sites with direct mapping to known transcripts, 
producing sensitive and accurate alignments, even for highly repetitive genomes or in the 
presence of pseudogenes (Kim et al. 2013). 
Bowtie is an ultrafast, memory-efficient alignment program for aligning short DNA 
sequence reads to large genomes (Langmead et al. 2009).  
Defining a precise map of all transcripts and isoforms that are expressed in a particular 
sample requires the assembly of these reads or read alignments into transcription units 
(Garber et al. 2011). 
Transcriptome reconstruction is a difficult computational task for three main reasons: i) 
gene expression spans several orders of magnitude, with some genes represented by only a 
few reads; ii) reads originate from the mature mRNA as well as from the incompletely 
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spliced precursor RNA (containing intronic sequences), making it difficult to identify the 
mature transcripts; iii) reads are short and genes can have many isoforms, making it 
challenging to determine which isoform produced each read (Garber et al. 2011). 
Several methods exist to reconstruct the transcriptome, and they fall into two main classes: 
“genome-independent” and “genome-guided”. Genome-independent methods assemble the 
reads directly into transcripts without using a reference genome (Garber et al. 2011) 
By contrast, genome-guided methods rely on a reference genome to first map all the reads 
to the genome and then assemble overlapping reads into transcripts. Existing genome-
guided methods can be classified in two main categories: "exon identification" and 
"genome-guided assembly" approaches (Trapnell et al. 2010). 
To take advantage of longer read lengths, genome-guided assembly methods such as 
Cufflinks and Scripture have been developed; these methods use spliced reads directly to 
reconstruct the transcriptome (Garber et al. 2011). 
Cufflinks assembles individual transcripts from RNA-seq reads that have been aligned to 
the genome. Because a sample may contain reads from multiple splice variants for a given 
gene and there may be many possible reconstructions of the gene model, Cufflinks must be 
able to infer the splicing structure of each gene (Trapnell et al. 2012).  
Cufflinks chooses a minimal set of paths through the graph such that all reads are included 
in at least one path. Each path defines an isoform, so this minimal set of paths is a minimal 
assembly of reads. As there can be many minimal sets of isoforms, Cufflinks uses read 
coverage across each path to decide which combination of paths is most likely to originate 
from the same RNA (Garber et al. 2011).  
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After the assembly phase, Cufflinks quantifies the expression level of each transfrag in the 
sample. This calculation is made using a rigorous statistical model of RNA-seq and is used 
to filter out background or artifactual transfrags (Trapnell et al. 2010).  
Given a sample, Cufflinks can also quantify transcript abundances by using a reference 
annotation rather than assembling the reads. However, for multiple samples, it 
recommends to quantify genes and transcripts using Cuffdiff, as described below (Trapnell 
et al. 2012). 
When you are working with several RNA-seq samples, it becomes necessary to pool the 
data and assemble them into a comprehensive set of transcripts before proceeding to 
differential analysis (Trapnell et al. 2012).  
The better strategy is to assemble the samples individually and then merge the resulting 
assemblies together using Cuffmerge (Roberts et al. 2011). 
Once each sample has been assembled and all samples have been merged, the final 
assembly can be screened for genes and transcripts that are differentially expressed or 
regulated between samples. Cufflinks includes a separate program, Cuffdiff, which 
calculates expression in two or more samples and tests the statistical significance of each 
observed change in expression between them (Trapnell et al. 2012). 
The statistical model used to evaluate changes assumes that the number of reads produced 
by each transcript is proportional to its abundance but fluctuates because of technical 
variability during library preparation and sequencing and because of biological variability 
between replicates of the same experiment.  
Despite its exceptional overall accuracy, RNA-seq, like all other assays for gene 
expression, has sources of bias. Cuffdiff allows you to supply multiple technical or 
biological replicate sequencing libraries per condition (Trapnell et al. 2012). 
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With multiple replicates, Cuffdiff learns how read counts vary for each gene across the 
replicates and uses these variance estimates to calculate the significance of observed 
changes in expression (Trapnell et al. 2012). 
Cuffdiff reports numerous output files containing the results of its differential analysis of 
the samples. Gene and transcript expression level changes are reported in simple tabular 
output files that can be viewed with any spreadsheet application (such as Microsoft Excel). 
These files contain familiar statistics such as fold change (in log scale), P-values (both raw 
and corrected for multiple testing) and gene- and transcript-related attributes such as 
common name and location in the genome (Trapnell et al. 2012). 
Cuffdiff can also identify genes that are differentially spliced or differentially regulated via 
promoter switching. The software groups together isoforms of a gene that are all derived 
from the same pre-mRNA. These groups (named TSS) represent accordingly, changes in 
abundance relative to various isoform of same gene that reflect differential splicing of their 
common pre-mRNA. Cuffdiff also calculates the total expression level of a TSS group by 
adding up the expression levels of the isoforms within it (Trapnell et al. 2010). 
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Figure 1.
Overview of Cufflinks. The algorithm takes as input cDNA fragment sequences that have
been (a) aligned to the genome by software capable of producing spliced alignments, such as
TopHat. With paired-end RNA-Seq, Cufflinks treats each pair of fragment reads as a single
alignment. The algorithm assembles overlapping ‘bundles’ of fragment alignments (b-c)
separately, which reduces running time and memory use because each bundle typically
contains the fragments from no more than a few genes. Cufflinks then estimates the
abundances of the assembled transcripts (d-e). (b) The first step in fragment assembly is to
identify pairs of ‘incompatible’ fragments that must have originated from distinct spliced
Trapnell et al. Page 12
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Fig. 11 - Overview of Cufflinks. The algorithm takes as input cDNA fragment sequences that have been (a) aligned 
to the genome by software capable of producing spliced alignments, such as TopHat. With paired-end RNA-Seq, 
Cufflinks treats each pair of fragment reads as a single alignment. The algorithm assembles overlapping ‘bundles’ of 
fragment alignments (b-c) s parately, which reduces running time and memory u e because each bundle typically 
contains the fragments from no more than a few genes. Cufflinks then estimates the abundances of the assembled 
transcripts (d-e). (b) The first step in fragment assembly is to identify pairs of ‘incompatible’ fragments that must 
have originated from distinct spliced (Trapnell et al, 2010) 
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1.3.2 – RNA-seq applications in mycological research 
The number of NGS applications is widely increasing in different fields of biological 
research. In mycological research, at example, the structural and functional genomics 
investigations are making an important impact on the current understanding and 
application of microbial agents used for plant disease control. (Lorito et al. 2010) 
In 2012 RNA-seq strategies were applied for study of Downy mildew resistance induced 
by Trichoderma harzianum T39 strain in susceptible grapevines. Downy mildew, caused 
by Plasmopara viticola, is one of the most severe diseases of grapevine and is commonly 
controlled by fungicide treatments (Perazzolli et al. 2012) 
The beneficial microorganism Trichoderma harzianum T39 can induce resistance to 
downy mildew, although the molecular events associated with this process were not been 
yet elucidated in grapevine. RNA-Seq analysis resulted in the identification of 7,024 
differentially expressed genes, highlighting the complex transcriptional reprogramming of 
grapevine leaves during resistance induction and in response to pathogen inoculation. 
Genes identified in this work are an important source of markers for selecting novel 
resistance inducers and for the analysis of environmental conditions that might affect 
induced resistance mechanisms (Perazzolli et al. 2012). 
Another RNA sequencing study has allowed genome-wide transcriptional response 
comparison between Trichoderma reesei and Aspergillus niger during saccharification of 
lignocellulosic biomass for biofuel production (Ries et al. 2013). 
In Trichoderma reesei, levels of transcript that encode known and predicted cell-wall 
degrading enzymes were very high after 24 h exposure to straw but were less than recorded 
in Aspergillus niger (Ries et al. 2013). 
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Trichoderma reesei uses a similar array of enzymes for the deconstruction of a solid 
lignocellulosic substrate to Aspergillus niger. This suggests a conserved strategy towards 
lignocellulose degradation in both saprotrophic fungi. These data help to elucidate the 
mechanism of solid substrate recognition and subsequent degradation by Trichoderma 
reesei and provide information, which could prove useful for efficient production of 
second generation biofuels (Ries et al. 2013). 
Trichoderma harzianum mycoparasitism-related genes against the phytopathogen 
Sclerotinia sclerotiorum were identified through transcriptome and expression profile 
analysis (Steindorff et al. 2014). In this study RNA-seq and quantitative real-time PCR 
(RT-qPCR) techniques have been used in order to explore changes in Trichoderma 
harzianum gene expression during growth on liquid medium supplemented with 
Sclerotinia sclerotiorum cell wall (SSCW) or glucose. Data obtained from six RNA-seq 
libraries have identified 297 differentially expressed genes in Trichoderma harzianum 
mycelia grown for 12h, 24h and 36h under the two different conditions, but without a 
physical interaction between the antagonist and sclerotia. This study was the first attempt 
to use RNA-seq for identification of differentially expressed genes in Trichoderma 
harzianum (strain TR274) in response to the cell wall of Sclerotinia sclerotiorum sclerotia 
and provided insights into the mechanisms involved in mycoparasitism of Trichoderma 
harzianum against Sclerotinia sclerotiorum by a transcriptomic approach. The RNA-seq 
data obtained facilitated improvement of the annotation of gene models in the draft 
"Trichoderma harzianum-genome" and provided important information regarding the 
transcriptome during this interaction (Steindorff et al. 2014). 
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2. Objective 
In order to deeply analyse, for the first time in a biological system, the early stages of 
mycoparasitic interactions between a T. harzianum isolate (T6776) and S. sclerotiorum 
sclerotia by a transcriptomic approach, aims of this study have been: 
1. Define all the biological conditions to obtain material to be further analysed by a 
RNAseq approach. 
2. Set up an extraction protocol that could furnish RNA of enough good quality to be 
used in an RNAseq.  
3. Obtain preliminary information about a possible role of specific genes during the 
physical interaction between Trichoderma harzianum and Sclerotinia sclerotiorum 
sclerotia by a RT-PCR approach. 
The Illumina genome analyzer sequencing technology will enable to develop a large 
amount of data that will be aligned using the T6776 reference genome and analysed with 
appropriate bioinformatics tools: Tophat2 for mapping reads on reference genome, and 
Cufflinks for transcriptome reconstruction and gene expression analysis.  
The present study provides the material to be summited to a transcriptomic analysis in 
order to obtain deep insights into the mechanisms of gene expression involved in early 
stages of mycoparasitic interaction between Trichoderma harzianum T6776 and 
Sclerotinia sclerotiorum sclerotia. The RNAseq data obtained will improve the annotation 
of gene models in the T6776 genome and will provide important information regarding 
genes expression during this interaction. 
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3. Materials and Methods 
3.1 – Fungal isolates 
Trichoderma harzianum 6776 (T6776) was isolated from soil collected at Colignola (Pisa, 
Italy) (Sarrocco et al., 2013) while Sclerotinia sclerotiorum (Lib.) De Bary strain 2048 was 
isolated in 1992 from aerial part of tomato plants cultivated in an experimental greenhouse 
in Pisa (Italy) (Sarrocco, 2004; Sarrocco et al., 2006). Trichoderma harzianum T6776 and 
Sclerotinia sclerotiorum were maintained on Potato Dextrose Agar (PDA) under mineral 
oil at 4°C and grown on PDA at 24°± 2°C when actively growing colonies were required. 
These fungal isolates belong to the collection of the Mycology Plant Pathology Lab, 
Department of Agricultural, Food and Environment (University of Pisa) and were 
employed in the present work in order to evaluate Trichoderma harzianum T6776 
differential gene expression during mycoparasitic interaction with Sclerotinia sclerotiorum 
sclerotia by RNA-seq approaches.  
Sclerotinia sclerotiorum sclerotia were produced by inoculating 5 PDA plugs (Ø 6 mm) 
with fungal mycelium in flasks containing 100 g sterilized barley seeds and 100 ml sterile 
water. Flasks were incubated for one month at room temperature and were shaken 
regularly during the first week incubation, every 1-2 days. After incubation sclerotia were 
collected by sieving, dried under sterile air flow at room temperature for 24h and stored in 
sterile Falcon tubes at 10°C until the use.  
Trichoderma harzianum T6776 sporulating colonies have been obtained by inoculating 
plugs of mycelium on PDA plates and incubated for 5 day at 24°C, 12h-12h light-darkness.  
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Spores were collected by washing cultures with sterile water and transferring in sterile 
tubes with glycerol 50% solution. These spore suspensions were maintained at -80°C until 
T6776 actively growing colonies were needed. 
3.2 - T6776–Sclerotinia sclerotiorum sclerotia colonization assay 
3.2.1 - Germination assays of pre-germinated T6776 conidia 
A T6776 spore suspension was grown on PDA for 1 week, at 24°C and 12h-12h light-
darkness condition. Conidia from this culture were collected and 1x107 spore suspension 
was obtained. Conidial concentration was determined by Burker chamber and, when 
needed, corrected at the right concentration before use. The suspension was incubated in 
2.4% (wt/Vol) Potato Dextrose Broth (PDB) at 22 ± 1°C on a reciprocal shaker at 150 rpm 
for approximately 6h (Hjeljord et al. 2001).  
After pre-germination, conidia have been pelleted and washed twice in sterile distilled 
water by centrifugation for 15 min at 9000 rpm, resuspended in a sterile 0.5% alginate 
solution at a concentration of approximately 106 conidia per ml and stored at 4°C until the 
use. Alginate has been used to promote conidia adhesion on the sclerotia surface during the 
next colonization phase. 
T6776 spore germination was investigated by incubating 50 µl of pre-germinated conidial 
alginate suspension on slides, at 24°C and 12h-12h light-darkness condition. Germination 
was stopped every 2 h from 14 to 26 h of incubation, by incubating the slides at 50°C.  In 
order to evaluate germination efficiency during time, 100 randomly selected conidia in 
each slide have been visually observed by microscope at 400 X magnification and counted 
as germinated when the germ tube exceeded the diameter of the conidium.  
This experiment was carried out in triplicate with each biological replicate represented by a 
different starting T6776 spore suspension.  
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3.2.2 – Quantitative evaluation of colonized sclerotia by pre-germinated T6776 
conidia 
Sclerotinia sclerotiorum sclerotia produced as described above were sterilized for 10 
minutes in a sodium hypochlorite solution (1% of active chlorine) in ethanol 50%, then 
rinsed three times in sterile water and allowed to dry on a filter under sterile flow. 
A single sclerotium has been placed inside a well of 96-well microtiter plate in which 
T6776 activated conidial alginate suspension has been inoculated after 26 h of 
germination. Subsequently, 96-well microtiter plate has been incubated for 48h at 24°C 
and 12h-12h light-darkness.  
In order to evaluate T6776 conidia - 
sclerotia colonization, ten sclerotia have 
been collected every 2h, from 36h to 48h 
of incubation, sterilized for 5 minutes in a sodium hypochlorite solution (1% of active 
chlorine) in ethanol 50%, rinsed three times in sterile water and incubated on Trichoderma 
selective medium P190. The P190 composition was reported in table 1.   
The experimental assay was repeated three times using three different sclerotial batches. 
3.2.3 – Quantitative evaluation of colonized sclerotia by T6776 mycelium  
In order to evaluate Sclerotinia sclerotiorum sclerotia colonization by T6776 mycelium, 
six PDA plates have been prepared, one for each time of sampling.  
The timing was previously defined and resulted in: 12h, 24h, 36h, 48h, 60h and 72h 
incubation. Ten sclerotia were inoculated on T6776 actively growing colonies in each plate 
and incubated at 24°C in darkness. These actively growing colonies of Trichoderma 
harzianum T6776 were obtained inoculating a spore suspension on PDA and incubating 
three plates for 3 day at 24°C in darkness condition.  
PDA 42 g/l
Streptomycin 0,05 g/l
Bacitracin 0,1 g/l
Hymexazol 0,3 g/l 
P190 Trichoderma selective medium composition
Nutrient substrate
Inhibits bacterial proliferation
Inhibits Gram+ proliferation
Selective antifungal agent
Tab. 1 – P190 Trichoderma selective medium composition 
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Then, a T6776 mycelial plug (Ø 6 mm) was transferred on a new PDA plate, and grown 
for 36 h at 24°C in darkness conditions.  
At each sampling, the percent of sclerotia colonized by T6776 has been evaluated by 
collecting sclerotia from the plates, superficially sterilizing for 5 minutes in a sodium 
hypochlorite solution (1% of active chlorine) in ethanol 50%, and rinsing three times in 
sterile water. Sclerotia have been plated on P190 and incubated at 24°C in 12h-12h light-
darkness. The experiment was repeated in triplicate, with sclerotia harvested by three 
different batches. The same experimental assay was repeated in a most restricted time-
interval in which the rate of colonization has been evaluated every 2h, from 48 to 60 h 
incubation. 
 In order to evaluate the kind of stimulus that induces T6776 early recognition of 
Sclerotinia sclerotiorum sclerotia, we tested its response against other inert substrates: 
pebbles and pebbles with glucose 2% solution (Figure 12).  
 
 
 
 
 
 
 
 
Fig.12 – T6776 12h and 24h response to S. sclerotiorum sclerotia and other inert substrates: A) T6776 Vs 
Sclerotia; B) Sclerotia on PDA; C) T6776 Vs Pebbles and D) T6776 Vs Pebbles with Glucose 2% 
solution 
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3.3 - RNA extraction for RNA-seq assessment 
3.3.1 – Collection of material 
T6776 starting spore suspensions were used to inoculate PDA plates and the cultures were 
incubated at 24°C in darkness conditions in order to reduce spore formation and obtain 
mycelium without pigments that could interfere with RNA extraction. After 3 days of 
growth, T6776 mycelial plugs (Ø 6 mm) were transferred on new PDA plates covered with 
nylon disks and incubated for further 36h under the same conditions. Then, fifteen 
Sclerotinia sclerotiorum sclerotia sterilized as previously described were inoculated on 
each T6776 actively growing colony and the cultures were incubated again at 24°C in 
darkness.  
The experiment consisted of three biological replicates for each thesis in which each 
biological replicate was formed by three technical replicates, each consisting of three 
plates with fifteen sclerotia.  
After 12h, 52h and 72h of incubation, five sclerotia for each plate (fifteen for each 
technical replicate, forty-five for each biological replicate) were harvested and 
immediately flash frozen in liquid nitrogen and stored at -80°C until RNA isolation.  
The timing (12h, 52h and 72h) was previously defined on base of results of T6776-
sclerotia colonization assays.  
As a control, Trichoderma harzianum T6776 was grown on PDA covered with nylon disks 
at the same conditions and for each time (12, 52 and 72h) the mycelium was harvested, 
immediately flash frozen in liquid nitrogen and stored at -80°C until RNA isolation.  
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The performed experimental design for collecting biological material was represented in 
Figure 13. 
Fig.13 – Experimental design for each biological replicate (e.g. Rep.1) 
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3.3.2 –RNA extraction and quantification 
This experiment was carried out on three biological replicates for each thesis (12h, 52h and 
72h), each  one formed by nine sclerotia ( three from each of the three technical replicate). 
Each control sample was formed by mycelium pooled by three technical replicates. 
RNA was extracted from macerated frozen material using Plant/Fungi total RNA 
purification Kit - 25800 (Norgen Biotek Corporation), according to manufacturer’s 
instructions.  
The extraction process involves four different stages: lysate preparation, binding to 
column, column wash and RNA elution. 
Initially, the fungal tissues (sclerotia or mycelium) were transferred into a mortar with an 
appropriate amount of liquid nitrogen and grinded into a fine powder using a pestle. About 
50 mg of lysate were transferred to a 2 ml centrifuge tube where 600 µl of Lysis Buffer C 
(a chaotropic denaturant able to rapidly inactivate RNases and proteases) were added. 
Then, 10 µl /ml of β-mercaptoethanol were added. Each sample was then stirred vigorously 
and centrifuged for 2.5 minutes at 14.000 rpm. 600 µl of clear surnatant have been 
transferred into a 2 ml tube and an equal volume of 100% ethanol was added to the 
collected lysate; each sample was then stirred vigorously for few second.  
A spin column (grey-O-ring) was assembled with one of the provided collection tubes and 
600 µl of clarified lysate with ethanol were applied onto column and centrifuged for 2.5 
minute at 14.000 rpm. After centrifugation, the flowthrough had been discarded and the 
column was reassembled with the collection tube.  
During this step, Norgen’s resin binds nucleic acids in a manner that depends on ionic 
concentrations, thus only the RNA will bind to the column while most of the DNA and 
proteins will be removed in the flowthrough. 
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For RNA-washing phase, 400 µl of wash solution A were added to the column that has 
been centrifuged for 2.5 minutes at 14.000 rpm. The flowthrough was discarded and the 
column had been reassembled with its collection tube. This step was repeated three times. 
At the end of the third wash, the column was centrifugated for 1 minute at 14.000 rpm in 
order to thoroughly dry the resin. Finally, the collection tube was discarded. 
Two steps of RNA elution were performed using 50 µl and 20 µl of ultrapure DEPC-
treated water (Sigma), respectively, each one followed by a centrifugation at 14.000 rpm 
for 2.5 minutes. 
Collected RNA was placed into a fresh 1.7 ml tube provided with the kit, and each sample 
was stored at -20°C until quantification. 
The RNA quantity and its purity were assessed using a nanodrop spectrophotometer: 4 µl 
for each sample were loaded for analysis and the absorbances at 260 nm (A260) and 280 nm 
(A280) were recorded for each one. To evaluate RNA concentration [ng/µl], the A260 value 
was multiplied for a coefficient of the standard curve. 
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3.4 – Gene expression analysis by RT-PCR  
On the basis of a previous T6776 genomic analysis (Baroncelli et al., 2015) the expression 
of chitinases associated with LysM effectors was preliminarly investigated by a RT-PCR 
approach on samples at different stages of mycoparasitic interaction between T6776 and 
Sclerotinia sclerotiorum sclerotia. 
RT-PCR is the most sensitive and versatile molecular technique, that allows to determine 
the presence or absence of a specific transcript.  
A particular kit (Access RT-PCR System – Promega) that was designed for the reverse 
transcription and polymerase chain reaction amplification of a specific target RNA starting 
from total RNA has been used.  
This system uses AMV reverse transcriptase (AMV-RT) from Avian myeloblastosis virus 
for first strand cDNA synthesis and the thermostable Tfl DNA polymerase from Thermus 
flavus for second strand cDNA synthesis and DNA amplification.  
A mix reaction was prepared for each specific primer pair. This solution was composed by 
6.5 µl of nuclease free water, 5.0 µl of reaction buffer 5X, 0.5 µl of dNTP, 5.0 µl of each 
specific primer pair (Forward and Reverse) and 1.0 µl of MgSO4.  
After mixing vigorously the mix reaction, 0.5 µl of each enzyme (AMV-RT and Tfl DNA 
polymerase) were added in each mix reaction tube.  
Then, 24.0 µl of mix solution was subdivided in PCR sterile tube in which 1.0 µl of each 
RNA sample has been added in each one.  
The four chitinases-LysM associated genes that have been investigated are: Th-01572, Th-
01574, Th-05012 and Th-05014, while calmodulin gene (Th-CAL) and histone protein gene 
(Th-HIS) were used as housekeeping genes. 
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RT-PCRs were performed following the PCR cycling profile according to manufacturer’s 
instructions and characterized of primer pairs that were used are they have been reported in 
table 2.  
 
Finally the PCR products were analysed by electrophoresis in 1.0 % agarose gel in TBE 
0.5X buffer. The electrophoresis was conducted at 500 V for about 2h and 100 bp or 1 Kb 
DNA Ladder (Promega) was used as marker to define molecular weight of PCR products. 
 
 
 
 
 
 
 
Tab. 2 – Characteristics of primers used in this study 
Gene 
Number Primer Name Sequence Primer T°C Annealing 
Size PCR 
Product 
Th-01572 TLysM_1 (F) TLysM_1 (R) 
GGGACTGCTGTCTCGCTATC  
GGTGTAGCCGGGAAGTGTAA 60 157 
Th-01574 TLysM_2 (F) TLysM_2 (R) 
CCTTGTCTCAGCCTTTCTGG 
CATGCCAAAGAACTGCTCAA   60 154 
Th-05012 TLysM_3 (F) TLysM_3 (R)  
AGCACGAGCTCTTCGTCTTC 
CCGGGTTGAACAAGGTAAAA   60 158 
Th-05014 TLysM_4 (F) TLysM_4 (R) 
CCACTGGCAATGGAACTTTT 
TTGTTGCTGGTGATGTTGGT 60 154 
Th-CAL TCal (F) Tcal (R) 
GCCGACAACAACGGATCTAT 
GCGAATCATTCTCATCGACCT 60 210 
Th-HIS This (F) This (R) 
CTGGAGATTCGACGATACCA 
TCGAAGAGGGAGACGAGGTA 60 170 
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The performed workflow for the set up of the RT-PCRs has been reported in figure 14. 
 
 
Fig. 14 – Workflow of RT-PCR 
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4. Results 
4.1 - T6776–Sclerotinia sclerotiorum sclerotia colonization assay 
4.1.1 - Germination assays of pre-germinated T6776 conidia 
When Trichoderma harzianum T6776 conidia were activated by inoculation in Potato 
Dextrose Broth (PDB), their germination efficiency differed significantly from standard 
germination. The effect of nutrient substrate (PDB) on T6776 conidia corresponded to a 
rapid increase of germination percentage during time.  
 
 
 
 
 
 
 
 
The red bars in Graph 1 show the germination percentages of pre-germinated conidia, 
whereas green bars indicate the germination percentages of non pre-germinated conidia 
(controls).  
After 26h, germination efficiency of pre-germinated conidia was 60% higher than the 
controls; after 28h it was not possible to distinguish non-germinated conidia from 
germinated ones for the excessive presence of branchings. 
 
Graph. 1 – PDB effect on germination efficiency of T6776 conidia during 
time. 
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The highest level of T6776 conidia germination (≈ 80%) was reached after 26h of 
incubation. Therefore, in order to obtain an efficient sclerotia colonization, T6776 pre-
germinated conidia have been submitted to 26h incubation at 24°C under 12h-12h light-
darkness conditions. 
Statistical data analysis shown in figure 15 resulted in a statistically significant difference 
of germination percents between pre-germinated conidia and non pre-germinated conidia 
(P-value < 0.0001). 
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4.1.2 – Quantitative evaluation of colonized sclerotia by pre-germinated T6776 
conidia 
In order to evaluate sclerotia internal colonization during time, each sclerotia (previously 
inoculated with T6776 pre-germinated conidia) was superficially sterilized, inoculated on 
P190 Trichoderma selective medium and counted as colonized when T6776 developed on 
plate after five days incubation at 24°C and 12h-12h of light-darkness conditions. 
As shown in Graph 2, sclerotia colonization by T6776 pre-germinated conidia followed a 
non-linear trend during time and the results obtained were not reliable and reproducible. 
 
 
 
 
 
 
 
 
 
Then it is not possible to establish a correct timing for collecting sclerotia to be subjected 
to RNA extraction for gene expression analysis. The biological system was then modified 
and sclerotia colonization was performed in PDA plates using T6776 mycelium. 
 
 
Graph. 2 – Preliminary test of S. sclerotiorum sclerotia colonization by T6776 pre-
germinated conidia. The data refer to a single biological replicate. 
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4.1.3 – Quantitative evaluation of colonized sclerotia by T6776 mycelium  
The experiment was performed on 30 Sclerotinia sclerotiorum sclerotia (10 for each 
biological replicate) that were collected from every 12 hours, from 12h to 72h of 
incubation. Sclerotia colonization by T6776 mycelium followed a linear growth trend 
during time and data obtained resulted to be reliable and reproducible. Graph 3 shows the 
trend during time of sclerotia colonization by T6776 mycelium as resulting from collected 
data from all the three biological replicates. At 12h, four sclerotia (about 13%) were 
internally colonized by T6776 mycelium yet, indicating that a specific recognition between 
T. harziaunm T6776 and Scleorotinia sclerotiorum sclerotia was established. After 48h to 
colonization, 50% of sclerotia appeared colonized by T6776 mycelium, while at 72h about 
93% were completely degraded by the mycoparasite.  
 
 
 
 
 
 
 
 
 
 
The same experiment was repeated in order to evaluate the number of colonized sclerotia 
during a restricted timing, i.e. every 2 hours from 48h to 60h of colonization. 
Graph. 3 – Colonization of S. sclerotiorum sclerotia by T6776 mycelium 
from 12h to 72h of incubation. 
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Graph 4 shows that after 52h of incubation about 53% of sclerotia were colonized by 
T6776 mycelium, while at 60h of incubation all collected sclerotia were completely 
degraded. 
 
 
 
 
 
 
 
 
Colonization data herewith obtained allowed us to define the sampling timing of colonized 
sclerotia that will be used for RNA extraction for gene expression analysis (Figure 16) 
 
 
Graph. 4 – Colonization of S. sclerotiorum sclerotia by T6776 
mycelium from 48h to 60h of incubation. 
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Fig.16 – Appearance of colonized sclerotia by T6776 mycelium: A) 12 h - 13% colonization percentage, 
B) 52h – 53% colonization percentage, and C) 72h – 94% colonization percentage. 
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Figure 17 represents some sclerotia 
colonized by T6776 mycelium on 
PDA plate. The part of each 
sclerotia colonized by T6776 
mycelium appeared more wet than 
the non colonized ones, indicating 
that sclerotia maybe release some 
particular metabolites that actively participate to early recognition. 
The same assumption was not valid neither for sclerotia placed on PDA without T6776 
colony, nor when T6776 comes in contact with small pebbles covered with 2% glucoses 
solution (Figure 18). 
 
 
 
 
 
 
 
 
 
 
Fig. 17 – Sclerotia colonized by T6776 mycelium on 
PDA plate. 
Fig. 18 – Test of colonization by T6776 of sclerotia and pebbles in order to 
evaluate the possible involvement of recognition of the prey by the 
mycoparasite. 
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4.2 - RNA evaluation and quantification 
The quality and quantity of extracted RNA were determined through nanodrop 
spectrophotometer. Data reported in Table 3 show that in almost all cases the A260/A280 
value was included within 1.8-2.0, indicating a good purity of the extracted RNA.  
Anyway a substantial difference in the amount of extracted RNA from control samples 
(T6776 mycelium) compared to the interaction samples (sclerotia colonized by T6776 
mycelium) was evident. In control samples the RNA resulted to be ten times more 
concentrated than in the interaction samples.  
 
 
 
 
 
Tab. 3: Summary data of RNA evaluation and quantification in control samples (T6776 mycelium) and 
interaction samples (sclerotia colonized by T6776 mycelium) 
Controls 
A260 (nm) A280 (nm) A260/A280 
[RNA]   
ng/µl 
1.30 0.59 2.19 429.8 
0.74 0.35 2.09 244.4 
1.17 0.53 2.22 769.4 
2.22 1.07 2.08 733.9 
0.59 0.27 2.20 391.4 
1.22 0.56 2.18 403.9 
1.23 0.56 2.18 404.5 
0.48 0.21 2.29 157.3 
0.85 0.37 2.26 279.3 
Interactions 
A260 (nm) A280 (nm) A260/A280 
[RNA]  
 ng/µl 
0.14 0.07 1.93 46.4 
0.07 0.04 1.89 22.1 
0.21 0.11 1.97 68.5 
0.24 0.12 2.07 80.7 
0.17 0.09 1.88 54.4 
0.23 0.12 1.88 75.6 
0.21 0.11 2.00 69.4 
0.14 0.07 1.91 46.2 
0.28 0.13 2.10 90.8 
Replicates Time (h) 
1 12 
2 12 
3 12 
1 52 
2 52 
3 52 
1 72 
2 72 
3 72 
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4.3 – Gene expression analysis by RT-PCR 
The RT-PCR products were visualized by gel electrophoresis and then by a UV 
transilluminator. All investigated genes were characterized by a molecular weight (about 
160 bp) corresponding to the expected sizes. 
Firstly, in order to set up the RT-PCR parameters the expression of only one chitinase-
LysM associated gene (Th-01572) was analysed using calmodulin (Cal) as reference gene 
(house keeping). 
 
Both LysM_1 (Th-01572) and Calmodulin (Cal) gene resulted in more intense bands for 
control samples (left of the gel) than for interaction samples (right of the gel) as shown in 
Figure 19. The intensity is due to total RNA concentration that was greater in control 
rather than in interaction samples . 
Due the presence of multiple bands in interaction samples, the hypothesis of multiple 
transcripts for the TLysM_1 (Th-01572) gene in interaction samples belonging to RNA of 
Sclerotinia sclerotiorum sclerotia was firstly taken into account but rapidly rejected as 
resulting from extensive bioinformatic analysis performed by using Geneious software 
7.1.6.  
Fig. 19 – RT-PCR of chitinase-LysM associated gene (Th-01572 gene). The calmoduline gene 
(Cal) was used as reference gene. Lane 1-6 TLysM_1 gene in: 1) Control at 12h; 2) Control at 
52h; 3) Control at 72h; 4) Interaction at 12h; 5) Interaction at 52h; and 6) Interaction at 72h. Lane 
7-12 Calmoduline gene in: 7) Control at 12h; 8) Control at 52h; 9) Control at 72h; 10) Interaction 
at 12h; 11) Interaction at 52h; and 12) Interaction at 72h. 
 
Cal TLysM_1 (Th-01572) 100 bp 
200 bp - 
100 bp - 
Cal TLysM_1 (Th-01572) 
100 bp 
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The presence of genomic and CDS sequences with omology with those of T6776 LysM 
genes, that have been used for specific primers design, were investigated within the 
Sclerotinia sclerotiorum genome but the research did not produce any results. 
This confirmed that the presence of multiple bands in interaction samples could be the 
result of not optimal PCR conditions or presence of PCR inhibitors. Further insights will 
be obtained by data resulting from transcriptome analysis. 
Then, the three other chitinase-LysM associated genes (Th-01574; Th-05012 and Th-
05014) were analyzed using the histone protein (His) as reference gene. Also in this case 
bands from control were more intense than those from interaction samples but also in this 
case the intensity was due to total RNA concentration.  
Fig. 20 – RT-PCR of chitinase-LysM associated gene (Th-01574; Th-05012 and Th-05014). The 
protein histone (His) was used as reference gene Lane 1-6 TLysM_2 gene in: 1) Control at 12h; 
2) Control at 52h; 3) Control at 72h; 4) Interaction at 12h; 5) Interaction at 52h; and 6) 
Interaction at 72h. Lane 7-12 TLysM_3 gene in: 7) Control at 12h; 8) Control at 52h; 9) Control 
at 72h; 10) Interaction at 12h; 11) Interaction at 52h; and 12) Interaction at 72h. Lane 13-18 
TLysM_4 gene in: 13) Control at 12h; 14) Control at 52h; 15) Control at 72h; 16) Interaction at 
12h; 17) Interaction at 52h; and 18) Interaction at 72h. Lane 19-24 His gene in: 19) Control at 
12h; 20) Control at 52h; 21) Control at 72h; 22) Interaction at 12h; 23) Interaction at 52h; and 
24) Interaction at 72h. 
 
TLysM_2 (Th-01574) TLysM_3 (Th-05012) 100 bp 
200 bp - 
100 bp - 
100 bp TLysM_4 (Th-05014) His 
200 bp - 
100 bp - 
!!!1!!!!!!!!!2!!!!!!!3!!!!!!!!!4!!!!!!!!5!!!!!!!!!6! !!!!!!7!!!!!!!!8!!!!!!!!9!!!!!!!10!!!!!!11!!!!!!!12!
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Moreover, it can be noticed a slight smear for the LysM_3 gene (Th-05012) maybe 
indicating less specificity of the primers to the target gene (Figure 20). 
Also T6776 chitinases-LysM associated genes were expressed both in control (T6776 
mycelium) and interaction samples (T6776 colonized sclerotia). Quantitative evaluations 
of gene expression level will be defined by transcriptome analysis. 
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5. Discussion 
The main aim of this work was to develop a reliable and reproducible biological system to 
collect good quality material to be submitted to transcriptomic analysis of the 
mycoparasitic interaction between Trichoderma harzianum T6776 and Sclerotinia 
sclerotiorum sclerotia. This approach will allow to have a complete landscape on the 
transcripts actively involved in the first steps of the colonization of sclerotia by a 
mycoparasitic fungal isolate. This work represents the first attempt to apply a 
transcriptomic approach on the biological system Trichoderma harzianum T6776/ 
Sclerotinia sclerotiorum sclerotia. Different novelties lay in the present thesis: i) The set 
up of the conditions for an optimized interaction between the antagonist and the entire 
sclerotial structures; ii) the use of a Trichoderma harzianum mycoparasitic isolate whose 
genome is sequenced, annotated and released; iii) the production of RNA of good quality 
and enough amount to be submitted to transcriptomic analysis by RNAseq. Information 
actually available in literature concerning the biological system Trichoderma/sclerotia are 
limited to the analysis of specific enzymes whose expression has been quantified simply by 
a RT-qPCr approach (Troian et al. 2014). Otherwise the RNA-seq analysis has been 
applied in order to analyse the whole gene expression of Trichoderma harzianum TR274 
but on a simpler system than our, consisting only in the antagonist grown in presence of 
cell walls obtained from Sclerotinia sclerotiorum sclerotia. In the same work, reads 
obtained from RNAseq have been mapped to reference sequences included in the 
publically available genome of a different T. harzianum isolate - CBS 226.95 – (Monteiro 
et al 2010) than the one used to collect RNA samples (Steindorff et al.,  2014). 
Several critical steps have been faced during the experimental work, starting from the 
inoculation of sclerotia to the right protocol to extract RNA of good quality and enough 
quantity to be used for a RNAseq analysis. 
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The choice of the mycoparasite, Trichoderma harzianum T6776, derived from previous 
investigation that highlighted the mycoparasitic attitude of this isolate, further supported 
by the sequencing and annotation of its genome (Baroncelli et al., 2015). The analysis of 
the proteins expansions of T6776 showed the presence of genes potentially involved with 
the colonization of sclerotia and the degradation of the main components of these resting 
structures (Geraldine et al. 2013). 
Several months have been used for setting up the biological system antagonist/sclerotia. 
The first idea was to use T6776 conidia for sclerotia colonization: this method could have 
assured a more homogeneous colonization of these resting structures, reducing the risk of a 
temporary uneven gene expression on the different parts of sclerotia surface as the use of 
mycelium could led. In order to optimize synchronization of germ tubes development, 
different substrates were used to obtain pre-germinated conidia to be further used for 
sclerotia inoculation. In accordance to data reported by Hjeljord et al. (2001), only the 
priming of conidia in Potato Dextrose Broth (PDB) added to T6776 spore suspension 
provided concrete and reliable results, ensuring about 80% of germination after only 26 
hours. For all the other evaluated substrates, germination was uneven and discontinuous, 
resulting in conidia with multiple germ tubes. The presence of conidia with multiple germ 
tubes didn't ensure an homogenous sclerotia colonization and could interfere in final 
results of the subsequent transcriptomic analysis.  
Despite of promising results obtained by the addition of PDB to the spore suspension, 
sclerotia colonization by pre-germinated conidia did not follow a linear trend during time. 
This result is due to both the high variability of conidial suspensions used for sclerotia 
colonization, and to differences among sclerotia (Le Tourneau 1979) that invalidated the 
achievement of comparable levels of colonization on all the inoculated sclerotia.  
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Even if the inoculation of sclerotia by conidia is a quite widely used method to allow the 
colonization of these resting structures (Dos Santos et al., 1982) in our case results were 
not fully satisfactory so the biological system has been modified in favour of the use of 
actively growing mycelium. This approach allowed obtaining more reliable and 
homogeneous results, as observed in previous works (Sarrocco et al., 2006; Catalano et al., 
2011). In order to minimise the risk that mycelium of different age could reach and 
penetrate sclerotia, resulting to a ground noise in gene expression that could alter results 
from RNAseq, sclerotia were put in plates very closed to the actively growing margin of 
the antagonistic colony. This shrewdness allowed the contact between sclerotia and the 
youngest part of the colony consisting of hyphal tips. Observation of pictures representing 
different moments of the mycoparasitic interaction led to formulate the hypothesis that 
during early stage of contact (6h-14h), Sclerotinia sclerotiorum sclerotia release some wet 
exudate that could be implicated in recognition by T6776 (Geraldine et al. 2013). This 
hypothesis could be ascertained also studying sclerotia gene expression. 
All the experiments performed during the first part of this work allowed obtaining data 
useful to determine the right timing for the biological material collection to be subjected to 
RNA extraction. Even the RNA extraction phase has been very complex; during extraction 
in interaction samples, a brown gelatinous film has covered the extraction column 
preventing the RNA flow-through, reducing the final RNA concentration obtained. This 
could be due to the presence of melanin on the external layer of the sclerotia and this 
compound could interfere with the optimization of RNA extraction protocol. Anyway, 
nanodrop technique confirmed the presence of reduced RNA concentration in interaction 
samples and high RNA concentration in control samples, but acceptable RNA purity in 
both. 
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While awaiting of transcriptomic analysis results, that will more deeply explain gene 
expression during the three different times of mycoparasitic interaction, gene expression of 
a specific group of chitinases - chitinases (subgroup C) associated with LysM domains -
was preliminary investigated by RT-PCR.  
Lysin motifs (LysMs) have been recognized in prokaryotes and plants as carbohydrate-
binding protein modules. Putatively secreted LysM-containing proteins are widespread in 
the fungal kingdom, as they are found in saprotrophs, in addition to mammalian and plant-
pathogenic species. LysM are known as effectors induced during plant-pathogen 
interaction (Kombrink & Thomma 2013).  Interestingly, it has been demonstrated that 
LysM effectors have a role in sequestration of chitin oligosaccharides – breakdown 
products of fungal cell walls that are released during invasion and act as triggers of host 
immunity – to dampen host defence. In addition to the involvement in preventing 
elicitation of host immune responses, the sequestering of chitin oligosaccharides by fungal 
LysM proteins might be involved in the attraction of mycoparasites, and/or protection of 
fungal hyphae against chitinases secreted by competitors (de Jonge & Thomma 2009). 
Within the research activity of a current PhD thesis from our lab, four chitinases-LysM 
associated genes - Th-01572, Th-01574, Th-05012 and Th-05014 - have been identified in 
the genome of T. harzianum T6776. The expression of these genes has been investigated 
during the interaction between T6776 and tomato plant showing, for the first time, the 
involvement of this class of proteins during plant-beneficial fungus interaction (Lisa 
Fiorini unpublished PhD thesis). 
Due to the lack of information actually available about the possible involvement of this 
class of proteins in the mycoparasitic interactions between a Trichoderma isolate and 
Sclerotinia sclerotiorum sclerotia, preliminary RT-PCR on the RNA obtained from this 
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biological system at different time has been performed. Data here collected, even if 
preliminary and not quantitative, represent the first information about the role of this class 
of chitinases in the interaction of a beneficial fungus with plant pathogens, particularly 
resting structures such as Sclerotinia sclerotiorum sclerotia. Results here obtained showed 
the expression of all the four chitinase-LysM genes, both in control and in interaction 
samples. Whereas the RT-PCR is a qualitative tool for gene expression investigation, 
further quantitative results on LysM gene expression will be known by next transcriptome 
analysis. 
Expected results from transcriptomic analysis will definitively elucidate doubts and 
assumptions developed during this work, identifying the genes specifically involved in 
mycoparasitic interaction between Trichoderma harzianum T6776 and Sclerotinia 
sclerotiorum sclerotia.  
Furthermore we will be able to evaluate how these genes modulate their expression during 
three different times of interaction. The RNA-seq data, besides to be the result of the first 
exploitation of these NGS approach on the biological system Trichoderma/sclerotia, will 
allow to improve the annotation of gene models in the T6776 genome. 
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